Background & Goals: Reliable non-invasive biomarkers to assess the histological
Introduction
The prevalence of nonalcoholic fatty liver disease (NAFLD) is increasing worldwide. 1, 2 Nonalcoholic steatohepatitis (NASH) is the severe and progressive form of NAFLD and may develop into cirrhosis, hepatic failure, and hepatocellular carcinoma. [3] [4] [5] Several pharmacologic treatments have been developed for NASH, which necessitate the development of appropriate means to monitor disease severity and evaluate therapeutic response.
At present, the activity of NAFLD is measured by typical histological findings, such as steatosis, hepatocyte ballooning, and lobular inflammation, as well as NAFLD histological activity score (NAS), all of which are calculated according to the histopathological criteria designated by the NASH Clinical Research Network. 6 A liver biopsy is considered essential to estimate the activity of NAFLD, but its invasiveness and cost often limit the chances for biopsy. Additionally, since NASH livers are more heterogeneous than those of chronic hepatitis C, 7 sampling errors are prone to occur in percutaneous liver biopsies. Thus, assessment of NAFLD activity using biopsied specimens only may lead to insufficient evaluation.
Serum alanine aminotransferase (ALT) levels are regarded as a reliable biomarker of hepatocyte damage. However, discrepancies in serum ALT concentrations and 7 body formation in vivo, also uncovered that up-regulation of these proteins was responsible for Mallory body formation. 12 Since hepatocytes containing Mallory bodies are susceptible to apoptosis, 13 we hypothesized that levels of Mallory body-associated proteins released from hepatocytes into peripheral blood may be increased in NASH patients and change in accordance with disease activity. To explore this possibility, serum levels of CK18, Hsp90α, Hsp70, p38α, and ubiquitin+1 were determined in 118
biopsy-proven NAFLD patients by enzyme-linked immunosorbent assay (ELISA), and the relationship between the levels of these proteins and histological findings was examined.
Patients and Methods

Patients
One-hundred and eighteen Japanese NAFLD patients who had been admitted to Shinshu
University Hospital or affiliated hospitals between 2004 and 2006 for liver biopsy were evaluated. The possibility of NAFLD was determined by the following criteria: (1) persistently abnormal ALT levels (> 30 U/L) for more than 3 months, (2) no consumption of alcohol or hepatotoxic drugs, (3) negative results for hepatitis B virus (HBV) surface antigen, high titer of HBV core antibody, anti-hepatitis C virus (HCV)
antibody, and autoantibodies, such as anti-nuclear and anti-mitochondrial antibodies, (4) the absence of abnormal serum ceruloplasmin levels and transferrin saturation ratios, and (5) the presence of hepatic steatosis in abdominal ultrasonography (US). 14 The final diagnosis of NAFLD was confirmed by liver histology.
Body height and weight were measured at admission and body mass index (BMI) was calculated. The presence of obesity was defined as having a BMI of more than 25 kg/m 2 based on criteria released by the Japan Society for the Study of Obesity. 15 Patients were considered to be hypertensive if their systolic/diastolic pressure was greater than 140/90 mmHg or if they were taking anti-hypertensive drugs. Patients were considered to be diabetic if they had a fasting glucose level equal to or higher than 126 mg/dL or if they were taking insulin or oral hypoglycemic agents. Patients were considered to have hyperlipidemia if their fasting serum levels of cholesterol or triglycerides were equal to or higher than 220 or 150 mg/dL, respectively, or if they were taking lipid-lowering drugs.
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Routine laboratory examination
Blood samples were obtained at the time of liver biopsy in a fasting state and regular examinations, such as complete blood counts and blood chemistries, were carried out using standard methods. All remaining sera were immediately frozen and kept at -80 o C until use. The homeostasis model assessment for insulin resistance (HOMA-IR) value was calculated as fasting glucose (mg/dL) × fasting insulin (µU/mL)/405.
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Measurement of Mallory body-related protein concentrations
Serum concentrations of Mallory body components were determined in duplicate by ELISA from samples obtained on the day of liver biopsy. All measurements were completed within 1 week of sample collection. Serum levels of total and fragmented CK18 were measured by an M65 ELISA kit and M30-Apoptosense ELISA kit, respectively (PEVIVA AB, Bromma, Sweden). Serum Hsp70 levels were analyzed by in-house ELISA as described by Njemini et al. 18 The ELISA kits for Hsp90α and p38α
were purchased from Assay Design (Victoria, British Columbia, Canada), and that for ubiquitin+1 was obtained from R&D systems (Minneapolis, MN, USA).
Histopathological examination
Liver samples were obtained from two different sites in the same lobe using a 14-gauge needle by percutaneous US-guided or laparoscopy-assisted biopsy. 19 For patients who underwent a follow-up biopsy, samples were obtained from the same lobe as the initial biopsy. The lengths of the samples obtained were all more than 1.8 cm, and the mean number of portal tracts found in each sample was 11.3 + 2.9. The specimens were immediately fixed in 10% neutral formalin, and sections were cut at 4-µm thickness and stained by the hematoxylin and eosin or Masson trichrome method. Histological findings were assessed in a blinded fashion by an independent pathological expert (KS) and scored according to the staging/grading system proposed by Kleiner et al. 6 As a minor modification, Mallory bodies were scored as none to rare (0), few (1), or many (2) . NAS was calculated as the unweighted sum of the scores for steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2), and ranged from 0 to 8. The histological diagnosis of NASH was made according to the presence of hepatocyte ballooning in addition to macrovesicular steatosis.
Ethics
This study was approved by the ethics committee of Shinshu University School of Medicine and adheres to the principles of the Declaration of Helsinki. Informed consent was obtained from all patients.
Statistical analysis
Results were expressed as a number (percentage) or mean + standard deviation (SD).
Significance was analyzed by the chi-square test for categorical variables and the Mann-Whitney U or Wilcoxon signed rank test for continuous variables. Correlation coefficients were calculated using Spearman's rank correlation analysis. To search for independent predictors of NAS, multiple regression analysis using the backward stepwise variable selection method was conducted. All statistical analyses were performed using SPSS software version 15.0 for Windows (SPSS Inc., Chicago, IL, USA). A P value of less than 0.05 was considered to be statistically significant.
Results
Clinical and Histological Characteristics of Patients
Clinical and histological features of 118 NAFLD patients are shown in Table 1 and 2,
respectively. Approximately 60% of cases had obesity and the mean BMI value was 26.5 kg/m 2 . According to histological findings, patients were divided into those having NASH (n = 105) or not (n = 13). Age, BMI, serum concentrations of -glutamyltransferase, cholesterol, glucose, and insulin, glycohemoglobin levels, and HOMA-IR values were significantly increased in NASH patients (Table 1) . Mallory bodies were observed in 89 (75%) patients (Table 2) .
Serum Concentrations of Mallory Body-Related Proteins
Serum concentrations of total CK18, fragmented CK18, and Hsp90 were significantly increased in NASH patients compared with non-NASH ones (Table 1) . On the other hand, there were no meaningful differences in the ratio of fragmented to total CK18 levels or serum levels of Hsp70, p38, and unbiquitin+1 between the groups (Table 1) .
Relationship between Histological Findings and Laboratory Data
Correlations between histological scores and laboratory data were examined. The degree of steatosis positively correlated with serum levels of both forms of CK18, Hsp90, and ALT, in addition to platelet count ( Table 3 ). The severity of lobular inflammation was correlated with 6 parameters except for platelet count, and especially with serum AST levels ( Table 3 ). The frequency of ballooned hepatocytes was also correlated with both forms of CK18, Hsp90, and AST levels, as well as with HOMA-IR values (Table 3) . Interestingly, total CK18, fragmented CK18, and Hsp90 levels had positive correlations with all NAS components, namely, steatosis, lobular inflammation, and ballooning. Furthermore, Mallory body scores were positively linked to fragmented CK18 and AST levels and HOMA-IR values, but negatively linked to platelet count (Table 3) . Lastly, a significant inverse correlation was found between fibrosis stage and platelet count (Table 3) .
Relationship between NAS and Serum Markers
We next evaluated whether our test parameters were correlated with NAS. Of the 6 parameters that were significantly correlated with NAS, serum fragmented CK18 levels showed the strongest positive correlation (r = 0.485, P < 0.001) (Figure 1 ). Multiple regression analysis uncovered that both fragmented CK18 and AST were effective predictors of NAS, with fragmented CK18 being the more definitive of the two (Table   4) .
Correlation between Changes in NAS and Fragmented CK18 levels
In the 118 NAFLD patients analyzed, 20 underwent follow-up biopsies and were summarized in Table 5 . To explore the clinical applicability of fragmented CK18 measurement in the evaluation and monitoring of NAFLD activity, we examined the relationship between alterations in NAS and those in fragmented CK18 levels in these patients and compared them with those in AST and ALT levels. A reduction in NAS was observed in 13 (65%) subjects (from 5.8 + 1.4 to 3.8 + 1.3, P = 0.001). Of them, a remarkable NAS improvement of 3 points or more was detected in 3 patients; one stemmed from lifestyle correction and the others from treatment with highly-purified eicosapentaenoic acid. 20 In the NAS-improved group, decreases in fragmented CK18, AST, and ALT levels were found in 12 (92%), 12 (92%), and 11 (85%) patients, respectively. These decreases were significant for fragmented CK18 (from 305 + 225 to 150 + 79 U/L, P = 0.018), AST (from 66 + 29 to 38 + 11 U/L, P = 0.001), and ALT levels (from 86 + 70 to 39 + 18 U/L, P = 0.024).
Conversely, NAS had deteriorated in 7 (35%) patients at the time of the second biopsy (from 4.4 + 1.6 to 6.3 + 1.7, P = 0.016). Corresponding increases in fragmented CK18 levels were observed in 6 (86%) patients, but those in AST and ALT levels were Lastly, although changes in fragmented CK18 levels were correlated with those in NAS (r = 0.748, P < 0.001), the same was not true for changes in AST (r = 0.428, P = 0.060) or ALT levels (r = 0.440, P = 0.052) (Figure 2 ).
Discussion
Previous studies have revealed the usefulness of serum fragmented CK18 assays for differentiating NASH from NAFLD or predicting the presence of NASH. [21] [22] [23] [24] Recently, Diab et al. showed a significant positive correlation between serum levels of fragmented CK18 and NAS in 65 NAFLD patients who had undergone bariatric surgery. 25 Although they also reported that fragmented CK18 levels were markedly decreased 6 months afterwards, it was inconclusive whether such a decrease actually reflected an improvement in NAS because of the lack of follow-up biopsies. In the current study, we demonstrated that serum fragmented CK18 levels were closely correlated with individual NAS components and overall NAS in 118 patients with biopsy-proven NAFLD. Multiple regression analysis revealed that fragmented CK18 levels were a strong predictor of NAS. Furthermore, we uncovered for the first time that the degree of changes in fragmented CK18 levels corresponded with those in NAS in NAFLD patients using evidence from paired biopsies. Therefore, these results not only corroborate previous observations, but also demonstrate the potential utility of fragmented CK18 as a reliable non-invasive biomarker to monitor disease activity and evaluate the therapeutic response of NAFLD patients.
Serum fragmented CK18 levels were strikingly higher in NASH patients than in non-NASH ones, which is consistent with previous reports. 21, 22 Since hepatocyte apoptosis is one of the key components involved in the progression of steatosis to steatohepatitis and caspase 3 is reported to be activated in NASH livers, 26 it is conceivable that CK18 fragments, generated mainly by the activation of caspase 3, are increased in the sera of NASH patients. On the other hand, total CK18 is released from cells during necrosis. 27 In this study, serum total CK18 levels were increased with fragmented CK18 levels, but the ratio of fragmented to total CK18 levels, which is an indicator of ascendancy of apoptotic cell death, 27 did not differ between the NAFLD subgroups. Thus, we can speculate that an increase in total CK18 might also contribute to an increase in serum fragmented CK18 levels in patients with NASH. Additionally, since hepatic mRNA expression of CK18 has been reported to be up-regulated by oxidative stress in mice, 28 augmentation of CK18 expression in NASH livers might be associated with the increases in serum levels of both forms of CK18.
An unexpected finding in this study was that serum fragmented CK18 levels showed the strongest correlation with degree of steatosis among the histological parameters. Overproduction of reactive oxygen species (ROS) and the ensuing augmentation of oxidative stress may occur in fat-engorged hepatocytes, since ROS are generated mainly through mitochondrial fatty acid -oxidation, whose pathway is enhanced by an excess of fatty acids. [29] [30] [31] [32] Accumulation of fatty acids and lipid peroxides in hepatocytes may thus trigger activation of caspase 3 and promote cleavage of total CK18. 29, 33 A similar significant association between the extent of steatosis and fragmented CK18 levels has already been elucidated in patients with chronic hepatitis C. 34 As far as we know, this is the first study to assess the relationship between histological findings in NAFLD and serum concentrations of Mallory body-related proteins. Not only fragmented CK18 levels, but also total CK18 and Hsp90 levels, were correlated with both NAS and all individual NAS factors. This finding is in agreement with the established fact that the presence of Mallory bodies is an indicator of the severity of NASH. 3, 35, 36 Platelet count, serum AST levels, and HOMA-IR values were also correlated with the stage of fibrosis, suggesting that these parameters may reflect the progression of fibrosis in NAFLD as well. Differently from a report by Diab et al., 25 fragmented CK18 levels did not show a meaningful association with the stage of fibrosis in the current analysis. This disagreement might be explained by the different proportion of patients with advanced fibrosis (3% in Diabs' study vs. 27% in the present study).
It is noteworthy that fragmented CK18 levels correlated with NAS more strongly than ALT levels. More importantly, changes in NAS were mirrored by those in fragmented CK18 levels, but not by those in ALT levels. To our knowledge, this is the first trial to demonstrate fragmented CK18 as a potentially superior biomarker for evaluating NAS. Serum ALT levels are conventionally believed to be a surrogate biomarker of hepatocyte injury and/or death. However, a recent study using methionine choline-deficient diet-fed mice demonstrated that an increase in serum ALT levels in NASH was attributable not to enhancement of hepatocyte necrosis/apoptosis or hepatitis, but rather to induction of hepatic ALT mRNA levels, 37 and a clear discrepancy between the changes in NAS and those in serum ALT levels has been observed in another clinical trial for NASH. 38 Our findings corroborate the idea that serum ALT levels are not always a reliable biomarker of NAFLD activity. Thus, we would like to propose determination of serum fragmented CK18 levels along with ALT levels for accurate assessment of therapeutic response in future NAFLD/NASH studies.
Clinically, this study was able to support the potential usefulness of fragmented CK18 measurement for distinguishing NASH from NAFLD. Serum levels of total CK18 and Hsp90 and HOMA-IR values were also significantly increased in NASH patients, meaning evaluation of these parameters might help identify patients having NASH more efficiently than one marker alone. Further studies are required to verify it.
In conclusion, this study established the usefulness of serum fragmented CK18 as a non-invasive, simple, and reliable biomarker that may complement the shortcomings of liver biopsy and serum ALT measurement. Although the number of patients in our longitudinal analysis was small, we believe that measurement of serum fragmented CK18 levels is a promising tool for monitoring disease status and assessing treatment response in patients with NAFLD. To confirm our observations, larger validation analyses and longitudinal prospective studies are needed. 
NAFLD patients
Correlation coefficients were calculated using Spearman's rank correlation analysis. The amount of Mallory bodies was divided into none to rare (0), few (1), or many (2) . Results are expressed as a number (percentage). NAS, NAFLD activity score Multiple regression analysis was performed using the backward stepwise variable selection method. Serum levels of aspartate aminotransferase (AST), alanine aminotransferase, total and fragmented cytokeratin (CK) 18, and heat shock protein 90, as well as homeostasis model assessment for insulin resistance values were selected as independent variables. Multiple correlation coefficient and coefficient of determination were 0.550 and 0.302, respectively. 
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